ABSTRACT In this paper, linearity improved Doherty power amplifier (DPA) is proposed for linearity improvement by modifying the input capacitor value of peaking amplifier. The non-foster circuits are substituted for the conventional λ/4 transmission line in front of peaking amplifier, which the 90 • phase shifter and impedance matching can be performed by the proposed structure. Furthermore, the input capacitor value of peaking amplifier FET can be modified through modifying bias voltage and match resistance of non-foster circuits. Therefore, the AM-PM distortion of peak amplifier is suppressed, and the linearity of total DPA is improved. Compared to a conventional DPA, the third-order inter-modulation distortion of proposed DPA is reduced by 12 dB without cutting efficiency.
I. INTRODUCTION
The high linearity of power amplifier (PA) is very important in current wireless communication system, where the modulation schemes are required to have wider bandwidths (BWs) and higher peak-to-average power ratios (PAPRs), which limiting the PA to operate in a less-efficient back-off region for linearity performance. To fulfill these requirements, several linearity enhancement techniques have been proposed to solve the problem, such as uneven power drive and power matching techniques [1] , and enhanced back-off efficiency mode [2] . Besides, the wideband phase inverter and Composite Right/Left-handed (CRLH) transmission lines structures are also adopted to suppress harmonic for improving linearity [3] , [4] . In addition, adaptive bias circuits for average power-tracking and linearity improved Doherty power amplifier using coupled-lines and a capacitive load are also proposed for improving efficiency and linearity [5] , [6] . However, these methods cannot be modified flexibly according to the desired level.
The negative capacitance can be achieved by non-foster circuits (NFC), which this structure was used to improve
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impedance matching in antenna design [7] , [8] . Besides, the DPA with lumped non-foster impedance inverter was proposed in [9] , and the passive non-foster circuits can be used for broadband matching in the output of main amplifier. However, the linearity of DPA is almost unchanged.
In this letter, the active non-foster circuits is proposed, which the proposed structure is substituted for the conventional λ/4 transmission line in the input of peaking amplifier. On the one hand, the impedance matching and 90 • phase shifter can be achieved. On the other hand, the input capacitor value of peak amplifier FET is modified by changing the bias voltage and matching resistance of non-foster circuits, and the AM-PM distortion of peak amplifier is suppressed. The simulated and measured results of the proposed DPA show excellent linearity performance, which verify the feasibility of the proposed method.
II. DESIGN OF DPA USING NON-FOSTER CIRCUITS A. NEGATIVE CAPACITANCE USING ACTIVE NON-FOSTER CIRCUITS
The architecture of the proposed DPA using active non-foster circuits is shown in Fig. 1 . The peaking amplifier (class C) signal through non-foster circuits is combined with the carrier power amplifier (class AB) signal at the input, here the λ/4 transmission line in conventional DPA is replaced by the active non-foster circuits. Though the phase difference between input and output of non-foster circuits is 180 • , but the transmission line in front of the input of carrier amplifier can be increased, so the input 90 • phase differences between carrier and peaking Amp of DPA can be achieved, at the same times, the impedance matching of peak amplifier is achieved. Furthermore, the input capacitor of peak amplifier can also be modified by the active non-foster circuits.
The active non-foster circuits consist of two BJT and a high-Q negative capacitance using Linvil Negative Impedance Converters (NIC) terminated in a capacitor. The active non-foster circuits is shown in Fig. 1 , where
Normally, the capacitance C in would be a shunt element in the matching network for peak amplifier.
The NEC 2SC4885 is used as the BJT of non-foster circuits, and the bias voltage of BJT is tuned from 5V to 8V . The high-frequency stabilization of non-foster circuits is very important in the circuit design. Therefore, the stabilization of non-foster circuits is achieved by modifying of the bias voltage, matching resistance and the Q value of a negative capacitor, which is defined as Q = ωC in /G, here C in and G are Constant negative capacitance and minimum conductance over frequency band, respectively. In addition, in frequency range from 2560 MHz to 2720 MHz, the insertion loss of the proposed NFC is 1.5-1.7dB or so, at the same time, the linearity of NFC is better, however, during the frequency is less than 2560 MHz, the insertion loss of NFC became worsening sharply, meanwhile, the linearity of NFC is deteriorated. The input capacitor value of proposed structure is shown in Table 1 in frequency range from 2560 to 2720 MHz.
B. IMPROVED LINEARITY BY PROPOSED DPA
The main reason of the poor linearity of DPA is come from the distortion of the peaking amplifier. On the one hand, in order to improve linearity at high-power lever, the peaking amplifier must compensate the AM-AM, AM-PM and IMD3 distortions of the carrier amplifier. On the other hand, more importantly, the self-distortion of peak amplifier should also be suppressed.
The AM-AM and AM-PM distortion of peaking amplifier can be traced to FET model elements. According to [10] , the third-order inter-modulation product (IM3) are expressed as follow
According to [2] , the C in can be obtained by
where R L is load resistance, C in is the value of input capacitor of FET, and the C be as well as C bc are grid-emitter and grid-collector of capacitor, respectively. In additional, the g ce is transfer function of collector-emitter. And g m is the transfer function of the peaking amplifier. The value of g m of the carrier amplifier and peak amplifier is contrary, due to modify C in of peaking amplifier by non-foster circuits, the g m of peaking amplifier provide same magnitude as that of the carrier amplifier, the overall third-order inter-modulation (IMD3) would be eliminated. The simulated AM-AM and AM-PM distortions of DPA are shown in Fig. 2 and Fig. 3 , where the value of optimized input capacitor and bias voltage are 82 pF and 6.5 V, respectively. At low-power level, while peak amplifier is turned off, the distortion of entire DPA is only provided by carrier amplifier. Therefore, the AM-AM and AM-PM distortion of the proposed DPA is almost the same as that conventional DPA. At high-power level, while peaking amplifier is turned on, the input negative capacitance is provided to peaking amplifier by active non-foster circuits, and the AM-AM distortion of peaking amplifier is suppressed. Therefore, the out distortion of the proposed DPA is improved as much as 2.1 dB than that of conventional DPA. In addition, according to [2] and [11] , IMD3 products generated by carrier and peaking amplifier can be canceled by adjusting the optimum input capacitor value and bias voltage. As can be shown in Fig. 3 , the simulated AM-PM distortion is improved obviously in the proposed DPA, especially when input capacitor value is −82 pF. As a result, the phase distortion of the proposed DPA is improved 10 degree than that of conventional DPA.
The simulated gain characteristics of the proposed DPA are shown in Fig. 4 . At the high power lever, the gain of carrier amplifier is compression and the gain of peaking amplifier is expansion, so the characteristics of peaking amplifier can compensate the gain compression of carrier amplifier, and the IMD products of the total DPA output is canceled. Based on the above reasons, the linearity of proposed DPA is improved obviously by using active non-foster circuits. 
III. EXPERIMENTAL RESULTS
The photograph of fabrication for the Doherty amplifier using active non-foster circuits is shown in Fig. 5 . The proposed DPA is fabricated using Rogers 4350 substrate, and the Fresscale MRF8P26080H is adopted for proposed DPA. The V DS of the carrier Amplifier and peaking amplifier are 28V. In addition, the V GS of carrier Amplifier and peaking amplifier are 2.65 V and 2.28 V, respectively. The NEC 2SC4885 is used as non-foster circuit, and the bias voltage of V cc is 6.5V. The R 1 and R 2 (matching resistance) of non-foster circuits are chosen to 820 and 1k , respectively. The operated frequency range of proposed DPA is from 2570 MHz to 2620 MHz. The P in of conventional DPA is shown in Fig. 6 . Compared to Fig. 6 , The non-foster circuits are substituted for the conventional λ/4 transmission line in front of peaking amplifier, which the 90 • phase shifter and impedance matching can be performed by the proposed structure. The measured power-added efficiency (PAE) of the proposed DPA and conventional DPA are shown in Fig. 7 . The maximum measured PAE of the proposed DPA is 41.6% at 2.6 GHz. Compared to the conventional DPA, the PAE of the proposed DPA is improved about 1.7%. Fig. 7 shows measured IMD3 of the proposed DPA using two-tone signals in frequency range from 2570 MHz to 2620 MHz (tone spacing is 5 MHz). The IMD3 of the proposed DPA was considerably improved compared to that of the conventional DPA. As can be shown in Fig. 8 , at the low the IMD3 of the proposed entire DPA and conventional DPA are almost same because peaking amplifier is turned off. On the other hand, while peaking amplifier is turned on, due to input capacitor value and gain of peaking amplifier are modified using active non-foster circuits, the AM-PM distortion of peaking amplifier is decreased. Meanwhile, the distortion of carrier amplifier is corrected by modified gain of peaking amplifier. Compared with conventional DPA, the max IMD3 of the proposed DPA has been improved about 12 dB while P out of DPA is 45 dBm at the high-power level. At the same times, the ACPR is measured at LTE signals, the signal bandwidth and peak to average power ratio of the LTE signal are 10MHz and 11.3917dB, respectively. The results is shown in Fig. 9 , it is observed that the ACPR of proposed DPA is about 5 dB better than conventional DPA over a wide range of output power levels. The measured results of the Fig. 8 and Fig. 9 prove the improvement of linearity due to the active non-foster circuits structure.
In addition, the measured gain of the proposed DPA and conventional DPA are shown in Fig. 10 . Compared with conventional DPA, at high-lower lever, the gain of proposed DPA doesn't fall. Table 2 exhibits the comparison among the proposed PA and recently published PAs with high linearity and efficiency. The Uneven power drive and power matching method is used for efficiency and linearity improvement in [1] . In addition, the CRLH and coupled-line are used for IMD3 improvement in [5] and [6] . Although the IMD3 is improved obviously in [1] , [5] and [6] , but the efficiency of DPA is affected. In contrast, the IMD3 of proposed DPA is improved without cutting efficiency. By tuning the voltage and matching resistance of active non-foster circuits, the distortions of peak amplifier is decreased, and the best IMD3 of the proposed DPA can be obtained, which is −46 dBc.
IV. CONCLUSION
In this letter, a high linearity Doherty power amplifier using active non-foster circuits is proposed. The proposed structure is utilized to perform impedance matching and 90 • phase shift. Meanwhile, the negative capacitance is provided for peak amplifier, and the AM-AM and AM-PM distortion of peak amplifier are suppressed, so the linearity of total DPA is improved obviously. Compare with convention DPA, the IMD3 of proposed DPA is improved 12 dB without cutting efficiency. The proposed method can provide novel ideas for improving linearity of DPA in wireless communication system.
